Abstract Neuroblastoma, the most common extracranial solid tumor of childhood, is responsible for over 15 % of pediatric cancer deaths. We have shown that neuroblastoma cell lines overexpress focal adhesion kinase (FAK), a non-receptor protein tyrosine kinase that controls a number of tumorigenic pathways. In this study, we hypothesized that inhibition of FAK would result in decreased cellular migration and invasion in neuroblastoma cell lines, and decrease metastasis in a murine model. We utilized nonisogenic and isogenic MYCN human neuroblastoma cell lines and parallel methods of FAK inhibition. Cell viability, migration, and invasion assays were employed to assess the effects of FAK inhibition in vitro. A nude mouse model was utilized to determine the effects of FAK inhibition on in vivo liver metastasis. FAK knockdown with siRNA resulted in decreased invasion and migration in neuroblastoma cell lines, and the effects of siRNA-induced FAK inhibition were more pronounced in MYCN amplified cell lines. In addition, abrogation of FAK with a small molecule inhibitors resulted in decreased cell survival, migration and invasion in neuroblastoma cell lines, again most pronounced in cell lines with MYCN amplification. Finally, small molecule FAK inhibition in a nude mouse model resulted in a significant decrease in metastatic tumor burden in SK-N-BE(2) injected animals. We believe that FAK plays an important role in maintaining and propagating the metastatic phenotype of neuroblastoma cells, and this driver role is exaggerated in cell lines that overexpress MYCN. FAK inhibition warrants further investigation as a potential therapeutic target in the treatment of aggressive neuroblastoma.
Introduction
Neuroblastoma is the most common extracranial solid tumor of childhood. This tumor of neural crest origin is responsible for over 15 % of pediatric cancer deaths [1] . Despite recent advances in chemotherapeutic and surgical care, this tumor continues to carry a dismal prognosis for children presenting with advanced or metastatic disease, with a survival of only 18-30 % [2] . The primary adverse prognostic factor for neuroblastoma is amplification of the MYCN oncogene [3, 4] . Amplification of MYCN has been associated with metastases and increased neuroblastoma proliferation and cell survival in neuroblastoma [5] . Additionally, knockdown of MYCN with siRNA results in cell death and apoptosis in some neuroblastoma cell lines [6, 7] .
Focal adhesion kinase (FAK) is a non-receptor protein tyrosine kinase that localizes to focal adhesions, and controls a number of cell signaling pathways including proliferation, viability and survival [8] [9] [10] [11] . The inhibition of FAK activation has been found to affect a number of cellular pathways. FAK antisense oligonucleotides, or a dominantnegative FAK protein (FAK-CD), has been shown to cause decreased growth in human breast cancer cells and melanoma cells [12] [13] [14] [15] . Silencing FAK expression with small interfering RNAs resulted in decreased migration of lung cancer cells and glioblastoma cells [16, 17] . In addition, a number of small molecule inhibitors of FAK have been reported in the literature. One of these inhibitors, PF-573, 228 [18] was shown to inhibit invasion and migration of breast cancer cells [19] . Recently, other small molecule FAK inhibitors, 1, 2, 4, 5-benzenetetraamine tetrahydrochloride (Y15) and TAE226 have been reported to inhibit the in vivo growth of breast and pancreatic cancers [20, 21] , and gliomas and ovarian tumors [22] [23] [24] , respectively.
Previous studies from our laboratory have revealed that both the abundance of FAK mRNA and the expression of FAK protein were significantly increased in aggressive human neuroblastomas [25, 26] . Since FAK was overexpressed in higher stage, more aggressive neuroblastomas, we hypothesized that inhibition of FAK would result in a less metastatic phenotype in neuroblastoma cell lines with a decrease in cell migration and invasion. In the current study, we showed that abrogation of FAK with RNA interference-mediated silencing and small molecule inhibitors led to decreased cellular migration and invasion that was more marked in MYCN amplified cell lines. In addition, we demonstrated that inhibition of FAK resulted in decreased growth of neuroblastoma metastases in vivo. We believe that targeting FAK may be another therapeutic strategy to employ when designing novel interventions for aggressive neuroblastomas.
Materials and methods

Cells and cell culture
Human neuroblastoma cell lines SK-N-AS (CRL-2137, American Type Culture Collection, ATCC, Manassas, VA) and SK-N-BE(2) (CRL-2271, ATCC) were maintained in Dulbecco's modified Eagle's medium containing 10 % fetal bovine serum, 1 lg/mL penicillin and 1 lg/mL streptomycin and a 1:1 mixture of Eagle's Minimum Essential Medium and F12 with 10 % fetal bovine serum, 1 lg/mL penicillin and 1 lg/mL streptomycin, respectively.
The SH-EP (MYCN) and the isogenic WAC2 (MYCN ?) cell lines were generously provided by Dr. M. Schwab (Deutsches Krebsforschungszentrum, Heidelberg, Germany). These cells have been described in detail previously [27] . Briefly, the parent cell line, SH-EP, is a MYCN non-amplified cell line. The SH-EP cell line was stably transfected with a vector containing MYCN to create the WAC2 MYCN overexpressing neuroblastoma cell line. These two cell lines were maintained in RPMI 1,640 medium supplemented with 10 % fetal bovine serum, 1 lg/mL penicillin and 1 lg/mL streptomycin.
Antibodies and reagents
Monoclonal anti-FAK (4.47) and rabbit polyclonal antiphospho-FAK (Y397) antibodies were obtained from Millipore (05-537, EMD Millipore, Billerica, MA) and Invitrogen (4624G, Invitrogen Corp. Carlsbad, CA), respectively. Polyclonal antibody against MYCN was from cell signaling (9405, Cell Signaling Technology, Inc., Danvers, MA). Monoclonal antibodies against GAPDH (6C5) and b-actin were from Santa Cruz (Santa Cruz Biotechnology, Inc. Santa Cruz, CA). The small molecule PF-573-228 was obtained from Sigma-Aldrich Corp. (St. Louis, MO) and NVP-TAE226 was a generous gift of Novartis (Novartis Pharma AG, Basel Switzerland).
Western blotting
Cells or homogenized tumor samples were washed twice with cold 1X PBS and lysed on ice for 30 min in a buffer containing 50 mM Tris-HCL, (pH 7.5), 150 mM NaCl, 1 % Triton-X, 0.5 % NaDOC, 0.1 % SDS, 5 mM EDTA, 50 mM NaF, 1 mM NaVO 3 , 10 % glycerol, and protease inhibitors: 10 lg/mL leupeptin, 10 lg/mL PMSF and 1 lg/ mL aprotinin. The lysates were cleared by centrifugation at 10,000 rpm for 30 min at 4°C. Protein concentrations were determined using a Bio-Rad kit (BioRad, Inc., Hercules, CA). The boiled samples were loaded on Ready SDS-10 % PAGE gels (BioRad). Western blots were performed as previously described [26] . Briefly, antibodies were used according to manufacturer's recommended conditions. Molecular weight markers were utilized to confirm the expected size of the target proteins. Immunoblots were developed with chemiluminescence Renaissance Reagent (PerkinElmer Life Sciences, Inc., Waltham, MA). Blots were stripped with stripping solution (Bio-Rad) at 37°C for 15 min and then reprobed with selected antibodies. Immunoblotting with antibody to b-actin or GAP-DH provided an internal control for equal protein loading.
siRNA transfection
Small interfering RNA's (siRNA) were obtained from Qiagen (Qiagen Inc. Valencia, CA) and used as previously described [26] . Briefly, cells were plated and allowed to attach for 24 h. The cells were transfected with Hyperfect (Qiagen) alone, Hyperfect (Qiagen) plus control siRNA (AllStars Negative Control siRNA, Qiagen), or Hyperfect (Qiagen) plus FAK siRNA [Hs_PTK2_10 FlexiTube siR-NA (NM_005607, NM_153831), Qiagen] according to manufacturer's protocol. Cells were incubated for 24-72 h after transfection and then used for experiments.
Cell viability assays
Cells were treated with RNAi inhibition or PF-573, 228. Cell viability was measured using alamarBlue Ò assay. In brief, cells were plated 1.5 9 10 3 cells per well on 96-well culture plates and allowed to attach. Following treatment, 10 lL of alamarBlue Ò dye was added to 200 lL of cell medium. After 4-6 h, the absorbance at 595 nm was measured using a kinetic microplate reader (BioTek Gen5, BioTek Instruments, Winooski, VT).
Cellular invasion assay
Twelve-well culture plates with 8 micrometer micropore inserts were utilized for cell invasion assays. The top side of the insert was coated with Matrigel TM (BD Biosciences, San Jose, CA) (1 mg/mL, 50 lL for 4 h at 37°C). Cells were treated with RNAi inhibition or PF-573, 228 and 3 9 10 5 cells were placed into the upper well. The cells were cultured for 48 h and allowed to invade into the Matrigel TM layer. The cells on the inserts were fixed with 3 % paraformaldehyde, stained with crystal violet, and counted with a light microscope. Invasion was reported as fold change in number of cells invading into the Matrigel TM .
Cellular migration assay
Twelve-well culture plates with 8 lm micropore inserts were utilized for cell migration assays. The bottom side of the insert was coated with collagen (10 mg/mL, 50 lL for 4 h at 37°C). Cells were treated with RNAi inhibition or PF-573, 228 and 5 9 10 3 cells were placed into the upper well. The cells were cultured for 24 h and allowed to migrate through the micropore insert. The cells on the inserts were then fixed with 3 % paraformaldehyde, stained with crystal violet, and counted with a light microscope. Migration was reported as fold change in number of cells migrating through the membrane.
Cellular migration was also measured utilizing a cell monolayer wounding (scratch) assay. Cells were plated onto 100 cm 2 culture plates and allowed to achieve 80 % confluence. The cells were then treated with RNAi and a standard scratch was placed on the plate utilizing a sterile, plastic 200 lL pipette tip. The plates were incubated for 48 h and photographs were obtained utilizing a Nikon Diaphot microscope system. The area of the scratch was quantified by measuring the pixel count of the scratched area and comparing it to the pixel count of the same plate at time zero.
Tumor growth in vivo
Female athymic nude mice, 6 weeks old, were purchased from Harlan Laboratories, Inc. (Chicago, IL). The mice were maintained in the SPF animal facility with standard 12 h light/dark cycles and allowed chow and water ad libitum. All experiments were performed after obtaining protocol approval by the animal care and use committee (100409104), and in compliance with the NIH animal use guidelines. A spleen injection model was utilized to induce hepatic metastasis. The animals were anesthetized with isoflurane and the spleen was exposed through a left flank incision. Human neuroblastoma cells, SK-N-AS (2 9 10 6 ) or SK-N-BE(2) (5 9 10 6 ), in 100 lL total volume were injected into the sub-capsular space of the spleen. After 24 h, under isoflurane anesthesia, the spleen was removed from the animals injected with the SK-N-AS cell lines. After two days, the animals began daily treatments with oral gavage of either control vehicle (methylcellulose, 100 lL, N = 5 per group) or TAE226 (60 mg/kg/day, in methylcellulose, 100 lL, N = 5 per group). This dose was chosen based upon reports in the literature demonstrating it to be the most well tolerated and also efficacious [24, 28, 29] . After 5 weeks of treatment, the animals were euthanized with CO 2 and bilateral thoracotomy, and the liver tissue was harvested and weighed. In addition, control murine liver weights were obtained from animals that did not undergo injection of tumor cells (N = 5).
Animal tissue samples and immunohistochemistry assays
A portion of the livers of the animals were snap frozen in liquid nitrogen for later use. The remaining portions of the livers were formalin-fixed and paraffin-embedded at the completion of the experiment. Blocks were cut with 8 micrometer sections for staining with hematoxylin and eosin or for immunohistochemistry for total and phosphorylated FAK as previously described [25] . Briefly, for immunohistochemical staining, the slides were baked for 1 h at 70°C, deparaffinized, rehydrated, and steamed. The sections were then quenched with 3 % hydrogen peroxide and blocked with PBS-blocking buffer. The anti- 1 h at 22°C. The staining reaction was developed with VECTASTAIN Elite ABC kit (PK-6100, Vector Laboratories, Burlingame, CA), TSA TM (biotin e reagent, 1:400, PerkinElmer, Inc. Waltham, MA) and DAB (Metal Enhanced DAB Substrate, Thermo Fisher Scientific, Rockford, IL). Slides were counterstained with hematoxylin. Negative controls (mouse IgG, 1 lg/mL, Invitrogen or rabbit IgG, 1 lg/mL, EMD Millipore) were included with each run.
Data analysis
Experiments were repeated at least in triplicate, and data reported as mean ± standard error of the mean. Densitometry of immunoblots was performed utilizing Scion Image Program (http://www.nist.gov/lispix/imlab/prelim/ dnld.html). Bands were normalized to those of b-actin or GAPDH then compared to each other where appropriate. An ANOVA or Student's t test was used as appropriate to compare data between groups. Statistical significance was determined at the p B 0.05 level.
Results
FAK inhibition with RNA silencing led to decreased neuroblastoma invasion and migration
Previous data have shown that expression of focal adhesion kinase in human neuroblastoma cell lines was related to amplification of the MYCN oncogene, in that neuroblastoma cell lines with amplification of MYCN had an increased expression of FAK and were more dependent up on FAK for cell survival [25, 26] . Therefore, we chose two neuroblastoma cell lines with differing amplification status of the MYCN oncogene, the non-amplified SK-N-AS cell line [30] and the amplified SK-N-BE(2) cell line [31] for the current investigations (Supplemental Data Fig. 1a, b) . SK-N-AS and SK-N-BE(2) neuroblastoma cell lines were treated with FAK siRNA for 48 h with the goal to achieve 20-30 % knockdown of the protein (Fig. 1a) . This degree of FAK inhibition did not significantly affect cell survival as measured by alamarBlue Ò assay (Fig. 1b) . However, when the cells were treated with FAK siRNA and cellular invasion was measured, the siRNA treatment of the MYCN amplified SK-N-BE(2) cells resulted in a decrease in invasion to 21 % compared to control untreated (100 %) or control siRNA (Fig. 1c) . In the MCYN nonamplified SK-N-AS cell line treated with FAK siRNA, the number of invading cells decreased to 87 %, but this was not statistically significant from control untreated cells, or cells treated with control siRNA (Fig. 1c) . Next, cell migration was examined. When the SK-N-BE(2) cells were treated with FAK siRNA, there was a significant decrease in cell migration, with only 46 % of the cells migrating through the membrane compared to control untreated cells (Fig. 1d ). In the SK-N-AS cell line, again, the amount of migration was decreased (82 % compared to control untreated cells) but was not statistically significant ( Fig. 1d) . These results were confirmed with a cell monolayer wounding assay. Treatment with siRNA to FAK resulted in fewer cells migrating across the wounded monolayer that in the untreated group (Fig. 1e) , with the most notable effects seen in the MYCN amplified SK-N-BE(2) cell line. These data were also shown in graphic form (Fig. 1f) . Treatment with control siRNA did not affect invasion or migration in either cell line (Fig. 1c-f ). These data demonstrated that FAK inhibition resulted in decreased cell migration and invasion that appeared to be more marked in the MYCN amplified SK-N-BE(2) cell line. Fig. 1 FAK inhibition with RNA silencing led to decreased neuroblastoma invasion and migration in MYCN amplified neuroblastoma cells. a SK-N-AS and SK-N-BE(2) neuroblastoma cell lines were treated with FAK siRNA or control siRNA. Immunoblotting was utilized to confirm FAK protein knockdown. After treatment with 40 nM FAK siRNA for 48 h, there was a significant decrease in FAK protein expression. Densitometry was utilized to quantitate FAK inhibition, expressed relative to the GAPDH bands (bottom graphs). b SK-N-AS and SK-N-BE(2) cell lines were treated with FAK siRNA at 40 nM for 48 h and cell viability was measured using alamarBlue Ò assays. There was no significant change in cellular viability in either cell line after siRNA treatment. The control siRNA had no effect on cellular viability. c SK-N-AS and SK-N-BE(2) cell lines were treated with FAK siRNA 40 nM for 48 h and allowed to invade through a Matrigel TM coated micropore insert. Invasion was reported as fold change. Cellular invasion was significantly decreased in the MYCN amplified SK-N-BE(2) cells with FAK inhibition. The MYCN nonamplified SK-N-AS cell line had a small decrease in invasion, but it did not reach statistical significance. Invasion was not affected by the control siRNA in either cell line. d SK-N-AS and SK-N-BE(2) cell lines were treated with FAK siRNA 40 nM for 48 h and allowed to migrate through a micropore insert. Migration was reported as fold change in number of cells migrating through the membrane. As with invasion, there was a significant decrease in cellular migration in the SK-N-BE(2) cells after FAK siRNA treatment, but no significant decrease in the SK-N-AS cell line. Also, migration was not affected by the control siRNA in either cell line. e Migration was also measured with cell monolayer wounding assays. SK-N-AS and SK-N-BE(2) cells were allowed to achieve 80 % confluence and a standard scratch was placed. The cells were treated with FAK siRNA (40 nM) and the plates were incubated for 48 h. Photographs were obtained utilizing a Nikon Diaphot microscope system. In the SK-N-BE(2) cell line, siRNA-induced FAK inhibition resulted in a decrease in the amount of cells migrating into the scratched area (right columns, bottom row) compared to siControl or no treatment (right columns, middle and top rows, respectively). FAK siRNA did not significantly affect migration across the scratch in the SK-N-AS cell line (left columns). f The area of the scratch was quantified by measuring the pixel count of the scratched area and comparing it to the pixel count of the same plate at time zero. There was a significant decrease in the area of the scratch closed following FAK siRNA in the SK-N-BE(2) cell line. Migration was not affected in either cell line by the control siRNA FAK inhibition with RNA silencing led to decreased neuroblastoma invasion and migration in a MYCN isogenic cell line
In the previous experiments, there was a difference in the effects of FAK inhibition up on cellular invasion and migration in the neuroblastoma cell lines based up on whether MCYN oncogene was amplified [SK-N-BE(2)] or not (SK-N-AS). Previous studies have shown that MYCN non-amplified neuroblastoma cell lines were less affected by FAK inhibition when cell survival was studied [21, 25] . In order to evaluate the effects of MYCN up on the findings with FAK inhibition in cellular invasion and migration, we next chose to utilize FAK siRNA in the isogenic
MYCN ± neuroblastoma cell lines, WAC2 and SH-EP. These cell lines have been thoroughly described in previous publications [21, 27] . The parent cell line, SH-EP, is MYCN non-amplified. A stable cell line was created with a MYCN expression vector, and designated WAC2 (Supplemental Data Fig. 1c) . Like the SK-N-BE(2) cell line, the MYCN ? WAC2 cell line has greater FAK protein expression than the MYCN-SH-EP cell line (Supplemental Data Fig. 1d ). The WAC2 and SH-EP isogenic neuroblastoma cell lines were treated with FAK siRNA for 24 h. Significant FAK knockdown was achieved in both cell lines (Fig. 2a) . As noted with the SK-N-AS and SK-N-BE(2) cells, the degree of siFAK inhibition (40 nM for 24 h) did not result in decreased cell survival in either the SH-EP or WAC2 cell lines (Fig. 2b ). When these cell lines were treated with FAK siRNA (40 nM), there was a decrease in cell invasion in the WAC2 cell line (Fig. 2c) . The SH-EP cell line did not show a difference in invasion after FAK siRNA treatment (Fig. 2c) . Next, cellular migration was assessed. SH-EP and WAC2 cells were treated with FAK siRNA (40 nM) and migration was evaluated after 24 h. There was a significant decrease in cell migration seen with the MYCN ? WAC2 cells, but again, no significant decrease in the migration of the MYCN-SH-EP cells (Fig. 2d) . These results were similar to those noted with the non-isogenic MYCN cell lines treated with siRNA. Treatment of the SH-EP and WAC2 cell lines with control siRNA did not affect invasion (Fig. 2c) or migration (Fig. 2d) . These data further substantiated the findings that FAK inhibition had a greater effect up on invasion and migration in MYCN ? than in MYCN-cell lines.
FAK inhibition with PF-573, 228 resulted in decreased neuroblastoma survival, invasion and migration
To provide collaborating evidence of our findings with siRNA, we chose to use the FAK kinase inhibitor, PF-573, 228. This molecule has been shown to interact with FAK and block its catalytic activity [18] . SK-N-AS and SK-N-BE(2) cell lines were treated with PF-573, 228 for 24 h at increasing concentrations. Immunoblotting demonstrated a negligible change in FAK phosphorylation in the SK-N-AS cell line, with a small decrease in total FAK seen only at high concentrations of PF-573, 228 (Fig. 3a , blot and left graphs). There was a marked decrease in FAK phosphorylation with little change in total FAK in the SK-N-BE(2) cell line (Fig. 3a , blot and right graphs), and this change in phosphorylation was seen at low concentrations of PF-573, 228 (Fig. 3a, bottom right panel) . Cellular viability was measured using alamarBlueÒ assay following treatment with PF-573, 228 at increasing concentrations for 24 h. There was a significant decrease in cell viability in both cell lines, but significant effects were again noted at a lower concentration of PF-573, 228 in the MCYN amplified SK-N-BE(2) cell line (Fig. 3b) . These two neuroblastoma cell lines were also treated with PF-573, 228 and invasion and migration were evaluated. FAK inhibition with PF-573, 228 resulted in decreased cell invasion and migration that was significant at a lower concentration of the PF-573, 228 in the MYCN amplified SK-N-BE(2) cell line compared to the MYCN non-amplified SK-N-AS cells (Fig. 3c,  d ). These changes were also apparent at concentrations of PF-573, 228 that were less than those affecting cellular survival. In addition, PF-573, 228 treatment of isogenic MYCN±cell lines (WAC2 and SH-EP) had similar effects, with the MYCN?WAC2 cells having a more profound response to FAK inhibition than the MYCN-SH-EP cell line (Supplemental Data Fig. 2 ). The observed changes in the phenotype of the SK-N-AS cell line, since they occurred at concentrations of PF-573, 228 that showed little change in FAK phosphorylation, may have been due to off-target effects of the small molecule. However, the changes noted in the MYCN amplified SK-N-BE(2) cells were noted at concentrations of PF-573, 228 that were not only associated with a decrease in FAK phosphorylation (Fig. 3a) , but were also well below the concentrations that affected cell survival (Fig. 3b) . These PF-573, 228 data clearly showed that FAK abrogation resulted in a less metastatic phenotype that was more marked in the neuroblastoma cell line with MYCN amplification, following in the same vein as the findings seen with siRNA inhibition of FAK.
FAK inhibition resulted in decreased hepatic metastasis in a neuroblastoma nude mouse model
Because FAK inhibition decreased the invasion and migration and therefore, metastatic potential, of neuroblastoma cells in vitro, we hypothesized that inhibition of FAK would decrease the ability of neuroblastoma cells to form metastasis in vivo, and employed a nude mouse model to test this hypothesis. Neuroblastoma liver metastases were induced by injecting either SK-N-AS or SK-N-BE(2) tumor cells under the capsule of the spleen. The mice were treated with oral gavage of TAE226 or vehicle (methylcellulose). Since PF-573, 228 is not formulated for use in animals, TAE226 was chosen, as it is one of only a few small molecule FAK inhibitors that may be utilized in vivo. TAE226 treatment of SK-N-AS and SK-N-BE(2) cell lines resulted in decreased FAK phosphorylation (Supplemental Data Fig. 3) , and also significantly decreased invasion and migration in the MYCN amplified SK-N-BE(2) neuroblastoma cell line (Supplemental Data  Fig. 4, 5, respectively) . After 5 weeks, the animals were euthanized and the livers were harvested and weighed. It was not possible to accurately count individual metastatic deposits in this model, so liver weight served as the measure of tumor burden. This method has been utilized by a number of investigators [32, 33] and is a well accepted method of measuring tumor burden within the liver. The weights of livers from non-injected control mice were included as a comparison (labeled ''Control''). Liver metastasis formed in the mice injected with both MYCN non-amplified SK-N-AS (1.78 ± 0.51 vs. 0.56 ± 0.035 gm, p = 0.002, control vs. vehicle) and MYCN amplified SK-N-BE (2) (2)). Although the TAE226 treatment did not significantly change the weight of the animals, we know that the weight of the animal will influence the liver weight, so we also compared the tumor weight:animal weight ratios and found the results to remain unchanged; a significant difference was seen in the TAE226 treated SK-N-BE(2) and no significant difference in the mice with SK-N-AS tumors treated with TAE226 (data not shown). The pattern of metastasis was also different for the two cell lines. Representative H & E staining of the livers from the animals at 209 is shown in Fig. 4b . The MYCN non-amplified SK-N-AS cells tended to form multiple deposits of tumor cells in the liver (Fig. 4b, panel A, white arrow) while the MYCN amplified SK-N-BE(2) cells metastasized in an infiltrative pattern (Fig. 4b, panel C) . In the SK-N-AS injected mice treated with TAE226, there was no significant decrease in tumor burden compared to vehicle treated controls (1.78 ± 0.5 vs. 1.47 ± 0.37, vehicle vs. TAE226, p = NS) (Fig. 4a) . However, in the SK-N-BE(2) injected mice, TAE226 significantly decreased the hepatic tumor burden compared to treatment with vehicle alone (4.67 ± 0.51 vs. 1.46 ± 0.29, vehicle vs. TAE226, p \ 0.001) (Fig. 4a) . These results were also evident on histopathology. There was little change in the liver and tumor histology in the MYCN non-amplified SK-N-AS animals treated with TAE226, with tumor deposits present within the liver (Fig. 4b, panel B , white arrow). After TAE226 treatment of the MYCN amplified SK-N-BE(2) tumors, the pattern changed from the sheets of tumor cells infiltrating the liver seen in the vehicle treated animals (Fig. 4b, panel C) , to only a few small deposits of tumor cells (Fig. 4b, panel D , white oval) scattered amongst normal appearing hepatocytes with normal hepatic architecture (Fig. 4b, panel D, white box) . Tumor specimens were homogenized and the proteins evaluated by immunoblotting. SK-N-BE(2) tumors in animals treated with TAE226 had decreased phosphorylation of FAK and less FAK protein expression (Fig. 4c, top panel) . When the SK-N-BE(2) tumor specimens were stained with immunohistochemistry (IHC) for total and phosphorylated FAK, it was also noted that hepatic metastasis from the animals treated with TAE226 had significantly less staining for FAK and less FAK Y397 phosphorylation (Fig. 4c , right lower panels) than those treated with vehicle alone (Fig. 4c, left lower panels) . Representative photomicrographs of tumor specimens were presented in Fig. 4c . These data showed that FAK inhibition resulted in decreased metastatic potential of neuroblastoma cells in an in vivo hepatic metastasis model.
Discussion
In this study, we demonstrated that inhibition of focal adhesion kinase (FAK) with small interfering RNA and the small molecule PF-573, 228 resulted in decreased cell migration and invasion in neuroblastoma cell lines that was more marked in MYCN amplified cell lines. Further, these findings were seen in both isogenic and non-isogenic MYCN neuroblastoma cell lines. We also showed that inhibition of FAK slowed hepatic tumor metastatic growth in vivo. All of these factors are important elements in the maintenance of the metastatic phenotype of neuroblastoma cells.
Neuroblastoma tumors with amplification of the MYCN oncogene carry a worse prognosis due to increased metastatic potential [34] . Our previous studies showed that FAK expression in neuroblastoma cell lines and tumor specimens was correlated with amplification of the MYCN oncogene [25, 26] . Through dual luciferase assays, site-directed mutagenesis, and ChIP assays, it was demonstrated that MYCN bound to the FAK promoter and activated FAK expression in MYCN amplified neuroblastoma cell lines [26] . Further, we demonstrated with a number of different methods of FAK inhibition, that FAK abrogation in cell lines with MYCN overexpression, and more FAK expression, resulted in more marked increases in apoptosis and decreases in cell survival when compared with cells without MYCN amplification [21] . In the current study, we have seen these same trends with respect to invasion and migration. We utilized the non-isogenic SK-N-AS, nonamplified MYCN [30] , and SK-N-BE(2), amplified MYCN [31] , cell lines. Abrogation of FAK through multiple mechanisms including RNAi, resulted in decreased migration and invasion that was more marked in the cell line with MYCN amplification [SK-N-BE(2)]. Furthermore, the same results were noted in an isogenic MYCN±neuroblastoma cell line, one of the most important aspects of this study. These findings actually correlated well with those from other investigators studying kinase inhibition. We believe that these findings may be explained by the concept of oncogene addiction. Weinstein [35, 36] postulated that various tumor cells experience ''oncogene addiction'', with certain cell lines being more physiologically dependent up on specific survival factors, and inhibition of these specific cellular factors has a more profound effect up on those cell lines than others of even the same tumor type.
Frisch and colleague [37] reported that the ability of cells to overcome anoikis, apoptosis resulting from the loss of cell-cell interactions, resulted in malignant transformation. They later demonstrated that FAK regulated anoikis [38] , thereby playing a role in the malignant transformation of cells. In the current study we showed that the ability of neuroblastoma cells to migrate and invade was inhibited with abrogation of FAK. Since the focus of the current investigations was to evaluate the effect of FAK inhibition upon migration and invasion, and cells that are not viable will not migrate or invade, we chose concentrations of siRNA that would inhibit FAK, but would not affect cellular survival. The siRNA-induced FAK inhibition did have a significant effect up on migration and invasion of the neuroblastoma cells, explaining the lack of detectable change in viability seen with the FAK siRNA treatment in these cell lines.
A small molecule FAK inhibitor, PF-573, 228, was also utilized in the current studies as a means to corroborate the siRNA findings. This compound has been shown to interact with FAK at the ATP binding pocket, blocking the catalytic activity of FAK [18] . In previous experiments, PF-573, 228 was shown to decrease adhesion and migration of human epithelial carcinoma cells [18] and small-cell lung cancer cells [39] , and to enhance chemotherapy-induced cytotoxicity and apoptosis in multiple human pancreatic cell lines [40] . Wendt [19] proved that inhibiting FAK with PF-573, 228 decreased invasion and metastatic potential in human breast cancer cells through blocking the FAK activation of TGF b. To minimize off-target effects, PF-573, 228 was chosen for these investigations, over a very similarly related compound, PF-562, 271. PF562, 271 has also been utilized as a FAK inhibitor, but PF-562, 271 also has significant effects upon PyK2 [41] that PF-573, 228 does not have. In the current study, PF-573, 228 was effective in decreasing FAK phosphorylation in MYCN amplified neuroblastoma cell lines leading to significant changes in migration and invasion, but was not as effective in decreasing FAK phosphorylation in non-amplified cell lines. Unlike in the SK-N-BE(2) MYCN amplified cells, the PF-573, 228-induced phenotypic changes seen in the nonamplified SK-N-AS cell line were likely due to off-target effects of the molecule, a common finding when utilizing small molecules. However, these findings have extremely important therapeutic implications, in that they show that it may be more effective to target FAK in aggressive, MYCN amplified human tumors.
TAE226 (NVP-TAE226) have been previously described in the literature for its ability to inhibit FAK expression. TAE226 has been utilized in a number of studies as a FAK inhibitor. In human glioma [42] ovarian cancer [24] and a neuroblastoma [43] cell lines, treatment with TAE226 decreased FAK Y397 phosphorylation without affecting total FAK expression. In addition, this is one of only a few small molecule FAK inhibitors available for use for in vivo studies [28, 29] . These studies provided the background for utilizing TAE226 as a FAK inhibitor for the in vivo studies presented in the current manuscript.
In the current study we investigated the effects of FAK inhibition upon neuroblastoma hepatic metastasis. As seen with the in vitro data, the cell line with MYCN amplification and greater FAK expression, SK-N-BE(2), had a more significant decrease in hepatic tumor burden with FAK inhibition than the non-amplified MYCN and less FAK expressing SK-N-AS tumor cell line. There was also a notable change in the pattern of hepatic metastases in the SK-N-BE(2) tumors following FAK inhibition, with the diffuse infiltration of tumor cells changing to scattered tumor cell deposits. The ability to demonstrate in an animal model that FAK inhibition was relevant in metastatic neuroblastoma was an important aspect of the current study.
In conclusion, we believe that focal adhesion kinase plays an important role in the metastatic phenotype of neuroblastoma cells, and that this role is exaggerated in cell lines which overexpress MYCN and FAK. The increased dependence on FAK provides a target for therapy that may improve the survival of those select patients with MYCN amplified tumors, who presently carry the worst prognosis in this disease. We have shown that FAK inhibition warrants further investigation as a potential therapeutic target in the treatment of aggressive neuroblastoma.
